Introduction
H amilton, Ontario, Canada is a city of strong social geographical contrasts, which can have substantial impacts on health. e discrepancies in health and mortality between the north and south of Hamilton emerged during the initial industrialisation of the city in the nineteenth and early twentieth centuries, as factories and heavy industry became increasingly concentrated in the northern end of the city on the edge of Lake Ontario. e surrounding neighbourhoods became more crowded and housed a population of lower socioeconomic status (SES) than the southern part of the city towards the Niagara Escarpment. e current social geography of health is a topic of research and public discussion in Hamilton today. 1 In contrast, according to Rosemary Gagan, in the early twentieth century "no one" in Hamilton commented on the mortality di erences between wards. 2 Gagan examined mortality patterns in Hamilton for the 1900-14 period, and found that generally mortality was highest in the wards with the lowest standards of living. 3 However, data regarding mortality from individual infectious diseases by ward prior to 1910 was largely unavailable at the time of her research. 4 Using data from the Ontario Sessional Papers and the Hamilton Spectator newspaper, Gagan was only able to partially reconstruct mortality from contagious diseases by ward for 1901, for example. By using individual death records and identifying the residential locations of these individ- 2 Rosemary R. Gagan, "Disease, mortality, and public health, Hamilton, Ontario, 1900-14" (unpublished MA thesis, McMaster University, 1981), 88-9. 3 Ibid., 211. 4 Ibid., 87.
Below, we provide some background information on Hamilton and diphtheria. We then describe the data sources used for this analysis as well as the spatial and statistical methods employed. We present the results of analysis of diphtheria mortality rates for the northern versus southern city wards and of the age theria mortality rates, the highest were in used for this analysis as well as the spatial patterns in each area, showing that diphtheria mortality rates were higher in the northern wards and that this is likely due to higher mortality in the 0-4 age group in the north. Finally, we discuss possible explanations for these ndings, speci cally the roles of crowding, economic pressures impacting treatment and recovery, and insult accumulation.
Background

Hamilton, Ontario
T he City of Hamilton is located on the south-western shore of Lake Ontario in southern Ontario. It was growing rapidly in the early twentieth century in both population and geographic area. e City's tax assessment books record a total population of 51,277 in 1900, reaching 118,243 in 1921. is increase was the result of a combination of in-migration, natural increase, and annexations that incorporated surrounding areas into the city. 8 Hamilton's urban population was largely blue-collar working class, with an increasing number of men employed in the steel and construction industries. 9 It styled itself as " e Ambitious City" and "the Birmingham of Canada." 10 It was then, and is still today, characterized by strong socioeconomic geographic divisions (residential segregation), primarily between the northern and southern parts of the city. e northern end (wards Four through Eight) bordered the lakefront and was dominated by industry and housing for the industrial workers and their families; the northeast in particular was criss-crossed by rail lines and a ected by pollution from industrial activities and sewage.
11 Wards Six and Seven had the highest population densities in the city. 12 e southern part of the city (wards One through ree) bordered the Niagara Escarpment and had larger homes and much lower densities, lowest in wards One and Two.
13
A number of studies have examined various aspects of Hamilton's health and disease history in the early twentieth century. 14 As mentioned above, Gagan's 1981 Master's thesis provides a microanalysis of cause-speci c mortality for the 1900-14 period in the context of public health e orts. 15 Gagan concluded that mortality worsened in the rst decade of the century, before beginning to improve again, and found that working class infants and children were especially impacted by worsening health conditions. 16 In 1900, the highest crude death rates were in the northern wards, at 14.0-15.7 deaths per 1,000 population, and lowest in the southern wards at 11.1-12.2 per 1,000. 
Diphtheria
T he pathogen responsible for diphtheria is toxigenic Corynebacterium diphtheriae.
e bacterium is infected with a virus (a corynebacteriophage) which carries a tox gene, resulting in the production of a toxin. Classical diphtheria, the type investigated here, is spread primarily person to person through respiratory droplets.
18 Symptoms include sore throat and low fever, though some people can be asymptomatic carriers. In serious cases, the formation of a pseudomembrane can block the respiratory tract and cause su ocation. e toxin can also enter the circulatory system and damage the nervous system, heart, and other organs, with death resulting from myocarditis or renal failure. Death may occur during the initial acute infection or weeks later in the convalescent period.
19 Diphtheria case fatality rates are generally higher for children under age ve than other age groups. Dr. John G. Fitzgerald and colleagues at Toronto's Connaught Laboratories noted that during the pre-vaccine diphtheria era in Canada, children under age ve accounted for one quarter of all diphtheria cases but half of diphtheria deaths. . 15 Gagan, "Disease, mortality, and public health." 16 Ibid.; Gagan, "Mortality patterns and public health in Hamilton, Canada." 17 Gagan, "Disease, mortality, and public health, " 
Lo er bacillus."
21 Logie cautioned that since other bacteria can also produce similar in ammations in the throat, microscopic examination was the only real means of positive diagnosis of diphtheria. 22 However, he also cautioned that the presence of the "Diphtheritic Bacillus" did not de ne diphtheria as a disease in the absence of any clinical illness. 23 Logie described three types of diphtheria, nasal, pharyngeal/tonsillar, and laryngeal, the latter having been otherwise known as 'membranous croup' as it frequently resulted in a hoarse, high-pitched cough or stridor as in viral croup. 24 He noted that diphtheria could be complicated by a secondary infection such as pneumonia, or occur as a 'mixed' infection along with another disease such as one of those caused by group A streptococcus (e.g. scarlet fever). 25 e early twentieth century saw the end of a diphtheria pandemic which began in the 1850s. 26 An antitoxin serum was developed in 1894 and was quickly adopted for use in cities around the world, including Hamilton. Public health ocials in Hamilton, and in Ontario generally, seem to have been convinced of the curative powers of antitoxin and attributed declines in mortality to its increased use. 27 Logie was especially rapt in his description, stating that it "acts like magic" and that "no remedy has done so much for the human race... except perhaps vaccine."
28 It was considered a great improvement over previous interventions such as tracheotomy, which Logie called "a last resource."
29 Some risk with the antitoxin was acknowledged, though it was not to the patient; rather, if antitoxin made a child well sooner, there was a risk that they might be prematurely returned to school while still infectious, and thus spread the disease to others. 30 A continuing theme in the annual Provincial Board of Health reports is the emphasis on encouraging earlier administration of antitoxin serum, as well as the use of larger doses. 31 Physicians were advised not to wait for a laboratory diagnosis, but to use antitoxin immediately in all suspected cases.
32
is belief in the critical value of antitoxin contributed to the decision to make it available free of charge to all Ontarians in 1916. 33 
e End of Diphtheria in Hamilton
Immunisation against diphtheria began early in Hamilton compared to elsewhere. Toxin-antitoxin (TAT) immunisation campaigns were carried out in the city between January 1922 and 1926. 34 Hamilton was also among the sites of the toxoid immunisation trials in 1925, followed by more extensive campaigns beginning in 1926 as the new toxoid vaccine proved e ective. 35 It is because of these early immunisation campaigns that this study ends in 1921. Report, 1916 (Toronto, 1917 , 80 indicate that this advice was being heeded, at least by some. 33 While public health o cials credited the free availability of antitoxin with reducing the diphtheria death rate in 1916, they also blamed the war for limiting their ability to reduce it further; the Provincial Board of Health's Chief O cer noted that they would not be able to launch a full campaign aimed at increasing the use of antitoxin "early enough and in su cient quantity" until a er the war, Ontario Board of Health Annual Report, 1916, 1-2. D.A. McClenahan described the nancial limitations imposed by the war but expressed the hope that "with the incoming year peace may once more be restored to the Empire and then we shall be able to pick up the loose threads of public health work...", Ontario Board of Health Annual Report, 1916, 18. 34 Toxin-antitoxin immunisation involved injecting a mixture of diphtheria toxin and antitoxin to provide protection against diphtheria that lasted longer than the protection o ered by injection of antitoxin alone. However, the protection o ered by toxin-antitoxin immunisation was still relatively shortterm, at up to two years; 
Sources and Methods
Data sources
D ata were collected from death registrations for the City of Hamilton for the period 1900 to 1921. 36 Death registrations for Ontario are considered generally complete from the beginning of the twentieth century. All registrations for city residents whose Cause of Death (COD) information included "diphtheria, " "diphtheritic croup, " "membranous croup, " or "membranous laryngitis" were recorded (n=399). ese were transcribed into a Microso Excel spreadsheet both directly from Archives of Ontario micro lm (for 1900-04 and 1920-21, in previous research in 2008) and from Archives of Ontario records via Ancestry.ca (for 1905-19) in 2014. We excluded those with insu cient residential address information for mapping in ArcGIS and those whose residences fell outside the city boundaries in the year of their deaths (and thus not covered by the assessment record population counts). We also excluded two individuals who lacked age information. e nal total for analysis consisted of 312 individuals.
Assessment records for the City of Hamilton held at the Hamilton Public Library's Local History and Archives provided annual population data by ward. 37 is included not only total ward population by year but also speci cally the population aged 5-16. Analysis was done on total population (all ages) and well as on diphtheria mortality rates for ages 5-16 speci cally. In the northern wards, the mean percentage of the population in that age category over the 1900-21 period was 22.2 per cent compared to 19.6 per cent in the south.
e assessment data should be considered with some caution. e city's population was growing at this time and its physical boundaries were expanding rapidly. Furthermore, there was substan- tial residential mobility into, out of, and within the city. us, the ward population counts in the assessment records taken at the mid-point of the year might differ from the ward population at another point in the year, especially in years when annexations occurred and ward boundaries shi ed. Also, discrepancies between population estimates for Hamilton from di erent sources have previously been noted, particularly in regards to the e ect on calculated mortality rates. 38 e fact that the assessment records provide population counts by ward on an annual basis makes them far preferable to decennial census data for the purposes of this study. Nevertheless, the diphtheria mortality rates calculated here are best considered relative to each other, rather than directly compared to rates from other populations.
Mapping in ArcMap
M apping was done using ESRI's ArcMap geographic information system (GIS) so ware version 10.3.1. Modern map shape les were obtained from the City of Hamilton containing public sector data made available under the City of Hamilton's Open Data license. Residential addresses of diphtheria deaths were checked for changes in street names, georeferenced, and subsequently plotted in ArcMap. 39 Ward boundaries as of 1910 and 1920 were drawn and saved as separate layers, and used to assign each death to speci c ward according to the boundaries for their year of death (see Figures 1 and 2) . 40 Plotted deaths were also checked against boundary changes over the period as areas were annexed to the city. 41 For further analysis, wards One through ree were grouped as 'south' and wards Four through Eight as 'north' . Ward Eight deaths were included as of 1910, when assessment records rst gave population counts for that area.
Comparison of the mapped versus unmapped diphtheria deaths showed minor di erences between the two groups. Addresses which could not be mapped were slightly more likely to be in northern wards, thus their absence potentially biases outcomes in favour of the null hypothesis that there was no di erence in diphtheria mortality between the wards.
Statistical methods
S
tatistical analyses were conducted in Microso Excel and IBM's SPSS Statistics 22 so ware. e distributions of the annual diphtheria mortality rates were assessed for normality using visual 38 See Gagan, "Disease, mortality, and public health, " 113-15. Gagan notes that in calculating mortality rates for Hamilton, Ontario's Provincial Board of Health used population estimates which were likely too low, thus producing rates which overestimated mortality in the city. 39 Using street names in a detailed 1903 city map produced by the Scarborough Company, J.W. Tyrrell, City of Hamilton, Ontario, scale 300 feet=1 inch (Hamilton, 1903) . 40 Ward boundaries for 1910 were drawn according to the details in Hamilton Public Library, "Wards in 1910" (2011), available on <http://www.myhamilton.ca/myhamilton/LibraryServices/Genealogy/ wards+in+1910.hm> (accessed 8 February 2011); ward boundaries for 1920 were drawn according to information in Weaver, Hamilton. 41 Changes detailed in Weaver, Hamilton. 
Results
A
Mann-Whitney U test indicated that annual diphtheria mortality rates (deaths per 10,000 population) for the 1900-21 period were higher in the northern wards (median = 1.8) versus the southern (median = 1.2), U = 106, Z = -3.19, p = .001, r = -.48 (see Table 2 and Figure 3) . Epidemic waves track generally across both areas of the city over Figure 4 ). e age span of the 312 mapped diphtheria deaths ranged from an infant aged 1 month and 10 days to an older adult aged 65 years. ere are very few deaths over the age of 17 years (n = 13; see Figure 5 ). Looking then at the 5-16 years age group (diphtheria deaths n = 157), there is no evidence of a di erence in the annual diphtheria mortality rates between north and south (U = 170.5, Z = -1.68, p = .093) (see Table 3 and Figure  6 ).
is leaves the 0-4 age group as the probable source of the di erence in mortality rates between north and south. It is not possible to test this directly without annual population data on 0-4 year-olds. However, an examination of the proportions of deaths in each age group in north and south provides some evidence (see Figure 7) . In the north, 47.3 per cent of diphtheria deaths were under age ve, compared to 39.4 per cent in the south, though this di erence is not statistically signi cant according to a Fisher's exact test (p = .279). A Mann-Whitney U test also found no evidence of a di erence in overall age at death in the north (median = 5.0 yrs, n = 241) versus the south (median = 6.0 yrs, n = 71), U = 7437.5, Z = -1.680, p = .093. However, one-year-olds in particular appear to stand out with 
Discussion
H igher diphtheria mortality rates in the north of Hamilton can possibly be explained by a combination of crowding, economic pressures impacting treatment and recovery, and insult accumulation.
In terms of the most proximate or direct in uences, diphtheria mortality might be increased by crowding both in terms of overall population density by ward and crowding within homes. One study of boarding schools in Russia found that both physical proximity and duration of contact in uenced spread of diphtheria infection, with most transmission occurring in dormitories at less than 1 metre distance. 42 Crowding might also have contributed to increased severity of diphtheria infections as well as incidence, as has been demonstrated in other childhood infectious diseases, both viral and bacterial. 44 Gagan, "Disease, mortality, and public health, " 175-86. 45 Ibid.
Health o cials were well aware of overcrowding problems in Hamilton. Gagan suggests that between 1905 and 1909, the city was dependent on immigration to maintain its industrial workforce and would not have been keen on the health department making noise about housing and health in the city. 44 But this changed in 1910, she says, when a new by-law was passed relating to sanitary conditions, which expanded the powers of the city's Board of Health. 45 And in fact, in his report for the year 1912, Medical O cer of Health (MOH) James Roberts stated that in his perception housing conditions had worsened in Hamilton in the past few several years. 46 He described an investigation that had found severe overcrowding in the central city, with many families living in rented basements and attics, remarking, "we have evidence that the germs of the slum are here, alive, making vigorous e orts at growth...."
47 As Gagan noted, the highest population densities in the city were found in the north, especially wards Six and Seven. 48 e Hamilton Spectator newspaper highlighted poor living conditions in the city centre within its pages to elicit donations for its "fresh air outings" fund for local children. Alongside photographs of houses and yards in Hamilton's central city were captions such as this:
is is no fanciful picture, but a true representation of conditions as they are in a spot not two blocks distant from Hamilton's city hall. In this hen-coop of a yard, with its accumulation of debris and lth, these children and others have their only playground. e others who are not in the picture are out on the street playing. It is for such children as those that the 'Tatler's' fresh-air outings are being given. Take a good look at the picture and then send in your subscription. 46 Ontario Board of Health Annual Report, 1912 (Toronto, 1913 , 449-52. 47 Ibid. According to Roberts, the Chief Inspector described such basement dwellings as "more suggestive…of a morgue than a dwelling house, " in Ontario Board of Health Annual Report, 1912, 450. 48 Gagan, "Disease, mortality, and public health. Jarvis noted in her report to Hamilton's MOH in 1920, "Houses in Hamilton, as everyone knows, have been scarce and there has been a tendency to overcrowding." 50 Regarding how much Hamilton's public o cials were aware of and acknowledged the socioeconomic and geographic disparities in health in their city, it is useful to look at the data obtained from the 1922 immunization campaign. Toxin-antitoxin immunization work began in January of that year, and focused on a clinic and six schools, mostly in the city's northern wards.
51 Schick tests were conducted to see who lacked immunity. 52 e decision to concentrate on schools in the northern part of the city suggests an awareness of where diphtheria rates were highest. is is supported by the following passage by James Roberts in his 1923 report:
It is interesting to note that the children from the poorer districts gave a lower percentage of positive reactions and especially those from the districts where diphtheria is most prevalent. In one school, out of 203 children, only 36 gave a positive reaction. is is no doubt due to the widespread immunity acquired by frequent contact with the disease.
53
Economic pressures might also have been at play in increased diphtheria mortality in the north. One way in which this could a ect mortality is in how much time the sick individual is able to take to recover. is can potentially be illustrated in the case of one death in 1921, a ten-year-old in the north, the son of Polish immigrants, whose death registration speci cally states that he was "let up too soon." In contrast, Figure 8 is a photo of Archie Dixon taken in March 1909 entitled "Archie convalescent." It is unclear whether or not the illness he was recovering from was diphtheria; however his sister Marion had died suddenly of diphtheria two months previously. e Dixons lived in the south of Hamilton.
Economic pressures could also impact medical treatment. While for much of this period antitoxin was available free of charge or at low cost (see Table 1 56 However, this usually meant that the entire household was placed under quarantine, a severe burden for the wage earner, and increased the risk of contagion within the household. 57 New provincial regulations in 1903 required that diphtheria (and scarlet fever) patients be removed to hospital, yet Hamilton's MHO at the time, Walter Langrill, noted that this ria deaths for Hamilton this was the only no indication that hos pital deaths were more frequent in the north; 92 of 241 diphthe ria deaths, or 38.2 per cent, died in hospital in the north versus 33 of 71 deaths, or 46.4 per cent in the south. Care at home was sometimes possible, with the po tential bene t of not being exposed to addi tional infections in hos pital. 56 However, this usually meant that 56 In 1907, a dispute arose regarding the death of 21-year-old Hamilton resident Clayton Young. ere was an accusation that he contracted diphtheria in hospital (a er developing erysipelas from being struck with a puck), and thus that hospital sta were in some way at fault. His death registration recorded his cause of death as "erysipelas complicated with diphtheria"; see Archives of Ontario, Registrations of Deaths. An inquest was held, and the jury concluded his death was due to erysipelas alone; see "Clayton Young's death due to erysipelas, " Globe, 28 March 1907, 8. e case highlights the concerns about contamination between patients with contagious diseases in hospital, and perhaps helps to explain the reluctance and resistance of many parents and guardians to allow their children to be removed to hospital, which frustrated public health o cers; see Hamilton Medical Health O cer (MHO) Walter F. Langrill's comments in Ontario Board of Health Annual Report, 1903 (Toronto, 1904 , 36. 57 Gagan, "Mortality patterns and public health in Hamilton, " 170. Gagan mentions that in Hamilton's 1905-06 scarlet fever outbreak, only 55 of 147 cases could be accommodated in the isolation wing of the hospital, which was an economic burden on families of those who could not be accommodated since they then had to be quarantined for six weeks. us James Roberts, who became MHO in 1905, pushed (unsuccessfully) for a separate isolation hospital.
could not always be accomplished. 58 ose of lesser means might also delay calling a physician, as early symptoms might be attributed to a less serious sore throat. 59 In terms of more indirect or complex contributors to diphtheria mortality risk, insult accumulation could explain higher diphtheria mortality in the northern wards. 60 As Gagan has shown, the northern wards had higher mortality from many causes, indicating a heavy disease burden. 61 Janjua found that for the 1925-35 period, slightly later than that considered here, infant mortality rates for airborne and respiratory diseases as well as food-and water-borne diseases were higher in Hamilton's north, though the rates were then declining throughout the city. 62 Higher diphtheria mortality might thus be a re ection of overall poorer health in the north, rather than indicating that conditions were particularly conducive to diphtheria. Co-infections and super-infections give some direct insight into this, as multiple infections were listed on death registrations. We know that such additional infections, particularly with streptococcus bacteria, contribute substantially to diphtheria morbidity and mortality. 63 In Hamilton, 7 out of 71 diphtheria deaths in the south (9.9 per cent) had co-infections listed (measles, strep, bronchopneumonia, bronchitis, scarlet fever), compared to 14 of 241 in the north (5.8 per cent) (measles, scarlet fever, mumps, pneumonia, polio, erysipelas, bronchopneumonia, in uenza). Interestingly, the individual with the highest number of co-infections (diphtheria, scarlet fever, measles, and bronchopneumonia) was in the south. A Fisher's exact test showed no evidence of a di erence in the frequencies of co-infections between north and south (p = .279). It is possible that diphtheria patients in the south were more likely to be cared for by private physicians, who might have been more likely to return multiple causes of death. 64 erefore, the recorded co-infections on the death registrations might not re ect actual numbers of co-infections in diphtheria deaths, especially for the north. However, as discussed above, there is no direct evidence from this sample that diphtheria deaths in the south were more likely to have been cared for by private physicians rather than in hospital.
One caveat to this study is that it is based on residential geography, not personal SES. Occupation information was only provided in some of the death registrations; since most were children, often this line is le blank, or else occupation was given as "student, " "infant, " etc. However, there are some examples of low SES deaths in the south. e individual mentioned above as having the highest number of co-infections was a threeyear-old whose death registration gives "Occupation" as "Father is a labourer." is child lived in Ward ree, the generally well-o southwest area of the city. Previous work on the cities of Hamilton and nearby Toronto has shown that even where early twentieth-century neighbourhoods could be broadly classi ed along socioeconomic lines, there was often substantial heterogeneity in the social geography that was revealed in examination of mortality patterns. 65 
Conclusion
T his study has found that from 1900 through 1921, the City of Hamilton's annual diphtheria mortality rates were higher in its northern wards. e evidence presented here suggests that this di erence was concentrated among children under ve years old, with no evidence of a di erence between north and south in mortality rates for the 5-16 year age group. is is supported by the results of the 1922 Schick testing, which found widespread immunity in children of school-age in Hamilton's "poorer districts." 66 ese socio-geographic di erences in diphtheria mortality persisted despite the decreasing cost of antitoxin. Crowding, a known problem in Hamilton's northern wards in this time period, provides a likely explanation for some of the higher mortality in the north. Other factors associated with poverty and low SES, such as economic pressures reducing recovery time, delaying treatment, or increasing exposure to additional pathogens, are also likely to have played a role in producing the observed mortality differentials, though the available information makes it di cult to implicate any of them directly.
ese results demonstrate the social inequalities in health that existed in early twentieth-century Hamilton and their geographic dimensions. ey show that residents of the city's northern, lower SES wards were at higher risk of dying from diphtheria, and that this risk was likely concentrated in Hamilton's youngest residents: children under the age of ve.
is pattern suggests that those most vulnerable to diphtheria in early-twentieth century Hamilton were found among the large populations of industrial working class immigrants living in crowded areas close to the factories. ese families lived disproportionately under economic pressures that led to sick children spending less time resting and recovering, and in conditions that fostered repeated infections and further increased their susceptibility.
us, these ndings support Gagan's speculations that "chances for survival" were in fact lower in Hamilton's northern wards, especially for its infants and children, than in the comparatively well-o south, at least for this particular serious infectious disease. ey add to a recent growing literature on this aspect of Hamilton's health history, which has revealed similar mortality disparities for other infectious diseases. 67 For example, Natalie Ludlow's investigation of Hamilton's mortality patterns in the late nineteenth and early twentieth centuries found that industrialization had major consequences for human health, increasing inequalities within the city. 68 Ludlow attributes these disparities in large part to uneven development and infrastructure that did not keep pace with rapid population growth. 69 More broadly, this research expands our understanding of social and economic inequalities in one of Ontario's major urban, industrial centres by elucidating the consequences of such inequalities for human health and mortality. 70 It also highlights how local and provincial public health o cials perceived the problem of the diphtheria mortality in Hamilton and its relationship to social inequalities, and the ways in which they tried to address it-particularly, their focus on the "miracle" of antitoxin treatment.
Future research could utilize SES information on individuals and households, such as that from occupations listed on the death registrations or other linked records, to dig deeper into these patterns of SES and residential geography.
is could illuminate some of the more complex patterns of urban social geography and their relationship to health and mortality.
